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BES program - Mapping the QCD phase diagram

✓ Cumulants of net-particle distribution

‣ To extract the freeze-out parameters

‣ Higher order - locate the  QCD critical point  


✓ Goal of Beam Energy Scan

‣ Explore the phase diagram
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BES program - Mapping the QCD phase diagram

✓ Cumulants of net-particle distribution

‣ To extract the freeze-out parameters

‣ Higher order - locate the  QCD critical point  


- Diagonal cumulants - “shape” of the distribution

‣ Probe of non-gaussian fluctuations

‣ net-proton, net-charge and net-kaon - published


- Off-diagonal cumulants - First measurement

‣ Correlation between conserved charges is sensitive 

to the phase transition

‣ Better constrain of the freeze-out parameters


✓ Goal of Beam Energy Scan

‣ Explore the phase diagram

3

[V. Koch et al.  PRL.95.182301 (2005), F.	Karsch	and	K.	Redlich,	PLB	695	,	136142	(2011).]

[STAR	collabora=on	PRL	105,	022302,	PRL	113,	092301,	arXiv:1709.00773]	
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Mapping the QCD phase diagram
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for i+j+k < 3

✓ Connection to theory and experiment 

Experiment:

net-particle cumulants 
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Mijk = h(B� hBi)i(Q� hQi)j(S� hSi)ki
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[V.	Koch	arXiv:0810.2520]

�ijk
BQS = 1

VT3M
ijk
BQS

<latexit sha1_base64="3h78wx9ZeZkr7VrjKo44esm1uXk=">AAACHHicbVDLSsNAFJ34rPUVdekm2AquStIudCOUunEjtNgXNGmYTCft2MmDmYlQhnyIG3/FjQtF3LgQ/BunbRa19cCFwzn3cu89XkwJF6b5o62tb2xubed28rt7+weH+tFxm0cJQ7iFIhqxrgc5piTELUEExd2YYRh4FHe88c3U7zxixkkUNsUkxk4AhyHxCYJCSa5eKdqeL200In1JHsapK2uN+/Ta9hlE0kplu9mvpHeLXlp09YJZMmcwVomVkQLIUHf1L3sQoSTAoUAUct6zzFg4EjJBEMVp3k44jiEawyHuKRrCAHNHzp5LjXOlDAw/YqpCYczUxQkJA84ngac6AyhGfNmbiv95vUT4V44kYZwIHKL5Ij+hhoiMaVLGgDCMBJ0oAhEj6lYDjaDKRag88yoEa/nlVdIulyyzZDXKhWotiyMHTsEZuAAWuARVcAvqoAUQeAIv4A28a8/aq/ahfc5b17Rs5gT8gfb9C08xohs=</latexit><latexit sha1_base64="3h78wx9ZeZkr7VrjKo44esm1uXk=">AAACHHicbVDLSsNAFJ34rPUVdekm2AquStIudCOUunEjtNgXNGmYTCft2MmDmYlQhnyIG3/FjQtF3LgQ/BunbRa19cCFwzn3cu89XkwJF6b5o62tb2xubed28rt7+weH+tFxm0cJQ7iFIhqxrgc5piTELUEExd2YYRh4FHe88c3U7zxixkkUNsUkxk4AhyHxCYJCSa5eKdqeL200In1JHsapK2uN+/Ta9hlE0kplu9mvpHeLXlp09YJZMmcwVomVkQLIUHf1L3sQoSTAoUAUct6zzFg4EjJBEMVp3k44jiEawyHuKRrCAHNHzp5LjXOlDAw/YqpCYczUxQkJA84ngac6AyhGfNmbiv95vUT4V44kYZwIHKL5Ij+hhoiMaVLGgDCMBJ0oAhEj6lYDjaDKRag88yoEa/nlVdIulyyzZDXKhWotiyMHTsEZuAAWuARVcAvqoAUQeAIv4A28a8/aq/ahfc5b17Rs5gT8gfb9C08xohs=</latexit><latexit sha1_base64="3h78wx9ZeZkr7VrjKo44esm1uXk=">AAACHHicbVDLSsNAFJ34rPUVdekm2AquStIudCOUunEjtNgXNGmYTCft2MmDmYlQhnyIG3/FjQtF3LgQ/BunbRa19cCFwzn3cu89XkwJF6b5o62tb2xubed28rt7+weH+tFxm0cJQ7iFIhqxrgc5piTELUEExd2YYRh4FHe88c3U7zxixkkUNsUkxk4AhyHxCYJCSa5eKdqeL200In1JHsapK2uN+/Ta9hlE0kplu9mvpHeLXlp09YJZMmcwVomVkQLIUHf1L3sQoSTAoUAUct6zzFg4EjJBEMVp3k44jiEawyHuKRrCAHNHzp5LjXOlDAw/YqpCYczUxQkJA84ngac6AyhGfNmbiv95vUT4V44kYZwIHKL5Ij+hhoiMaVLGgDCMBJ0oAhEj6lYDjaDKRag88yoEa/nlVdIulyyzZDXKhWotiyMHTsEZuAAWuARVcAvqoAUQeAIv4A28a8/aq/ahfc5b17Rs5gT8gfb9C08xohs=</latexit><latexit sha1_base64="3h78wx9ZeZkr7VrjKo44esm1uXk=">AAACHHicbVDLSsNAFJ34rPUVdekm2AquStIudCOUunEjtNgXNGmYTCft2MmDmYlQhnyIG3/FjQtF3LgQ/BunbRa19cCFwzn3cu89XkwJF6b5o62tb2xubed28rt7+weH+tFxm0cJQ7iFIhqxrgc5piTELUEExd2YYRh4FHe88c3U7zxixkkUNsUkxk4AhyHxCYJCSa5eKdqeL200In1JHsapK2uN+/Ta9hlE0kplu9mvpHeLXlp09YJZMmcwVomVkQLIUHf1L3sQoSTAoUAUct6zzFg4EjJBEMVp3k44jiEawyHuKRrCAHNHzp5LjXOlDAw/YqpCYczUxQkJA84ngac6AyhGfNmbiv95vUT4V44kYZwIHKL5Ij+hhoiMaVLGgDCMBJ0oAhEj6lYDjaDKRag88yoEa/nlVdIulyyzZDXKhWotiyMHTsEZuAAWuARVcAvqoAUQeAIv4A28a8/aq/ahfc5b17Rs5gT8gfb9C08xohs=</latexit>

Theory:

 susceptibility
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BQS = @i+j+k(P/T4)

@i(µB/T)@j(µQ/T)@i(µS/T)
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Mapping the QCD phase diagram

✓ From the published net-proton (p), net-charge (Q) and net-
kaon (k) cumulants - freeze-out parameters (T, µB) have 
been extracted with large uncertainties
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for i+j+k < 3

✓ Connection to theory and experiment 

Experiment:

net-particle cumulants 

Mijk = h(B� hBi)i(Q� hQi)j(S� hSi)ki
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[V.	Koch	arXiv:0810.2520]
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[R. Bellwied et al. arXiv:1805.00088]

Theory:

 susceptibility

�ijk
BQS = @i+j+k(P/T4)

@i(µB/T)@j(µQ/T)@i(µS/T)
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Mapping the QCD phase diagram

✓ From the published net-proton (p), net-charge (Q) and net-
kaon (k) cumulants - freeze-out parameters (T, µB) have 
been extracted with large uncertainties


✓ The 2nd-order cumulant matrices of all combinations of p, 
Q and k cumulants can provide better understanding of 
freeze-out and constrain different model parameters


																																																												[V. Koch et al.  PRL.95.182301 (2005), A. Majumder and B. Muller, PRC. 74 (2006)

																																												A.	Bazavov	et	al.	PRD.	(2012)	034509,	F.	Karsch	and	K.	Redlich,	PLB	695	,	136142	(2011).]
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for i+j+k < 3

✓ Connection to theory and experiment 

Theory:

 susceptibility

Experiment:

net-particle cumulants 

�ijk
BQS = @i+j+k(P/T4)

@i(µB/T)@j(µQ/T)@i(µS/T)
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Arghya	Cha)erjee,	2018	RHIC	&	AGS	annual	Users	mee=ng

Observables

✓ “Variance” — Self correlation

c2 = �2 = h(�X)2i
<latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit><latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit><latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit><latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit>

c1,1 = �1,1 = h(�X)(�Y )i
<latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit><latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit><latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit><latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit>

✓ “Covariance” — Cross correlation

✓ “Ratio” — Excess correlation compare to self correlation

CX,Y = �1,1/�2
<latexit sha1_base64="jsQRiv5Mxrg5CLLlhcfnK8fbqgc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwUeqkCLoRit24rGAf0o5DJk1raDIzJBmhDLN246+4caGIW7/AnX9j2o6grQcunJxzL7n3+BFnSjvOl5VbWFxaXsmvFtbWNza37O2dpgpjSWiDhDyUbR8ryllAG5ppTtuRpFj4nLb8YW3st+6pVCwMrvUooq7Ag4D1GcHaSJ69X/OSdukmheewq9hA4NsElVB6/POopJ5ddMrOBHCeoIwUQYa6Z392eyGJBQ004VipDnIi7SZYakY4TQvdWNEIkyEe0I6hARZUucnklBQeGqUH+6E0FWg4UX9PJFgoNRK+6RRY36lZbyz+53Vi3T9zExZEsaYBmX7UjznUIRznAntMUqL5yBBMJDO7QnKHJSbapFcwIaDZk+dJs1JGThldnRSrF1kcebAHDsARQOAUVMElqIMGIOABPIEX8Go9Ws/Wm/U+bc1Z2cwu+APr4xtGyJle</latexit><latexit sha1_base64="jsQRiv5Mxrg5CLLlhcfnK8fbqgc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwUeqkCLoRit24rGAf0o5DJk1raDIzJBmhDLN246+4caGIW7/AnX9j2o6grQcunJxzL7n3+BFnSjvOl5VbWFxaXsmvFtbWNza37O2dpgpjSWiDhDyUbR8ryllAG5ppTtuRpFj4nLb8YW3st+6pVCwMrvUooq7Ag4D1GcHaSJ69X/OSdukmheewq9hA4NsElVB6/POopJ5ddMrOBHCeoIwUQYa6Z392eyGJBQ004VipDnIi7SZYakY4TQvdWNEIkyEe0I6hARZUucnklBQeGqUH+6E0FWg4UX9PJFgoNRK+6RRY36lZbyz+53Vi3T9zExZEsaYBmX7UjznUIRznAntMUqL5yBBMJDO7QnKHJSbapFcwIaDZk+dJs1JGThldnRSrF1kcebAHDsARQOAUVMElqIMGIOABPIEX8Go9Ws/Wm/U+bc1Z2cwu+APr4xtGyJle</latexit><latexit sha1_base64="jsQRiv5Mxrg5CLLlhcfnK8fbqgc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwUeqkCLoRit24rGAf0o5DJk1raDIzJBmhDLN246+4caGIW7/AnX9j2o6grQcunJxzL7n3+BFnSjvOl5VbWFxaXsmvFtbWNza37O2dpgpjSWiDhDyUbR8ryllAG5ppTtuRpFj4nLb8YW3st+6pVCwMrvUooq7Ag4D1GcHaSJ69X/OSdukmheewq9hA4NsElVB6/POopJ5ddMrOBHCeoIwUQYa6Z392eyGJBQ004VipDnIi7SZYakY4TQvdWNEIkyEe0I6hARZUucnklBQeGqUH+6E0FWg4UX9PJFgoNRK+6RRY36lZbyz+53Vi3T9zExZEsaYBmX7UjznUIRznAntMUqL5yBBMJDO7QnKHJSbapFcwIaDZk+dJs1JGThldnRSrF1kcebAHDsARQOAUVMElqIMGIOABPIEX8Go9Ws/Wm/U+bc1Z2cwu+APr4xtGyJle</latexit><latexit sha1_base64="jsQRiv5Mxrg5CLLlhcfnK8fbqgc=">AAACCnicbVDLSgMxFM3UV62vUZduokVwUeqkCLoRit24rGAf0o5DJk1raDIzJBmhDLN246+4caGIW7/AnX9j2o6grQcunJxzL7n3+BFnSjvOl5VbWFxaXsmvFtbWNza37O2dpgpjSWiDhDyUbR8ryllAG5ppTtuRpFj4nLb8YW3st+6pVCwMrvUooq7Ag4D1GcHaSJ69X/OSdukmheewq9hA4NsElVB6/POopJ5ddMrOBHCeoIwUQYa6Z392eyGJBQ004VipDnIi7SZYakY4TQvdWNEIkyEe0I6hARZUucnklBQeGqUH+6E0FWg4UX9PJFgoNRK+6RRY36lZbyz+53Vi3T9zExZEsaYBmX7UjznUIRznAntMUqL5yBBMJDO7QnKHJSbapFcwIaDZk+dJs1JGThldnRSrF1kcebAHDsARQOAUVMElqIMGIOABPIEX8Go9Ws/Wm/U+bc1Z2cwu+APr4xtGyJle</latexit>
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<latexit sha1_base64="kGk4WPOMMO2ohC9ZoHXxJr22eS0="></latexit><latexit sha1_base64="kGk4WPOMMO2ohC9ZoHXxJr22eS0="></latexit><latexit sha1_base64="kGk4WPOMMO2ohC9ZoHXxJr22eS0="></latexit><latexit sha1_base64="kGk4WPOMMO2ohC9ZoHXxJr22eS0="></latexit>
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Observables

✓ “Variance” — Self correlation

c2 = �2 = h(�X)2i
<latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit><latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit><latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit><latexit sha1_base64="C5MYddkda2PEBYSTH2k78uG4yxI=">AAACFnicbZBNS8NAEIY3flu/qh69LBZBD5akCHoRil48KtgPaGKZbKd1cbMJuxuhhP4KL/4VLx4U8Sre/Ddu0xy0+sLCwzszzM4bJoJr47pfzszs3PzC4tJyaWV1bX2jvLnV1HGqGDZYLGLVDkGj4BIbhhuB7UQhRKHAVnh3Pq637lFpHstrM0wwiGAgeZ8zMNbqlg9ZN6uNTn3NBxHc5ChADgTSfb+HwgBtH9zUqK9ys1uuuFU3F/0LXgEVUuiyW/70ezFLI5SGCdC647mJCTJQhjOBo5KfakyA3cEAOxYlRKiDLD9rRPes06P9WNknDc3dnxMZRFoPo9B2RmBu9XRtbP5X66SmfxJkXCapQckmi/qpoCam44xojytkRgwtAFPc/pWyW1DAjE2yZEPwpk/+C81a1XOr3tVRpX5WxLFEdsgu2SceOSZ1ckEuSYMw8kCeyAt5dR6dZ+fNeZ+0zjjFzDb5JefjG7FXnms=</latexit>

c1,1 = �1,1 = h(�X)(�Y )i
<latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit><latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit><latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit><latexit sha1_base64="O5VRwzFz15YcihwNavC4eF6QYWk=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIClJmRFAXQtGNywpWK51azqSnbWgmMyQZoQx9Fje+ihsXiroSfBjTdgRvBwJf/v8ckvMHseDauO67k5uanpmdy88XFhaXlleKq2uXOkoUwxqLRKTqAWgUXGLNcCOwHiuEMBB4FfRPR/7VLSrNI3lhBjE2Q+hK3uEMjJVaxSPWSr1db3jsa94N4Sa7CJBdgXTbb6MwQOs7X3S9Q301NlvFklt2x0X/gpdBiWRVbRVf/XbEkhClYQK0bnhubJopKMOZwGHBTzTGwPrQxYZFCSHqZjpecUi3rNKmnUjZIw0dq98nUgi1HoSB7QzB9PRvbyT+5zUS0zlsplzGiUHJJg91EkFNREd50TZXyIwYWACmuP0rZT1QwIxNtWBD8H6v/Bcu98qeW/bO90uVkyyOPNkgm2SbeOSAVMgZqZIaYeSOPJAn8uzcO4/Oi/M2ac052cw6+VHOxyc526I7</latexit>

�X = X � hXi
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X and Y can be:

Net charge: Q = NQ+ − NQ-

Net proton: p = Np+ − Np-, 


Net kaon: k = Nk+ − Nk-

✓ “Covariance” — Cross correlation
Where

✓ “Ratio” — Excess correlation compare to self correlation

CX,Y = �1,1/�2
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✦ Acceptance window |η| dependence 

No signal

0 %

No signal

100 %η acceptance

Poisson fluctuation 

ratio ~ 1

fluctuation = 0 baryon/charge/
strangeness # conservation

Volume independent

5

∆η=0 ∆η=∆Ytotal

‣ Optimum ∆η window to capture the signals? Brewer, Mukherjee, Rajagopal, Yin, arXiv:1804.10215
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Analysis details

✓ Particle identification : Using TPC and TOF detector

✓ Centrality selection :  Using uncorrected charge particle multiplicity excluding analysis region

                                                                                           0.5 < |η| < 1.0 
✓ Centrality bin-width correction (CBWC) : 
• To eliminate/minimize the impact parameter (or volume) variations due to the finite centrality bin. 

•  [X. Luo et al J. Phys. G 40, 105104 (2013)] 

i runs for each multiplicity bins

✓ Efficiency correction and statistical uncertainty estimation:
‣ Efficiency correction is done using Binomial efficiency response assumptions with positive and negative 

charged particle separate efficiencies 

‣ statistical uncertainty estimation — using analytical methods of error propagation 

[A. Bzdak and V. Koch: PRC.86.044904 , PRC.91.027901,  

X. Luo : PRC.91.034907, A Chatterjee et	al. JPG: Nucl. Part. Phys. 43 125103 (2016).]

|η| < 0.5  &  0.4 < pT < 1.6 GeV/c

6
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2nd-order diagonal cumulants

Net proton (p)

Net kaon (k)

Net charge (Q)

✓ Variance increases with number of colliding nucleons and consistent with CLT expectation.
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Central Limit Theorem (CLT) : �2 / hNparti
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STAR
Preliminary
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2nd-order off-diagonal cumulants
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✓ Covariance shows linear dependence with respect to centrality.

✓ The covariance between net proton and net kaon is positive at low energy and negative at 

higher energy — Indicating p and k are anti-correlated at high energy.

✓ Covariance follows the CLT-like variance :
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�11 / hNparti
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Acceptance dependence
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✓ All diagonal and off-diagonal 
cumulant cumulants of Q, p 
and k show linear dependence 
on |η| acceptance window 
within our analysis region 
compared peripheral collisions


✓ No non-monotonic variation as 
a function of acceptance is 
observed.
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Acceptance dependence
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✓ All diagonal and off-diagonal 
cumulant cumulants of Q, p 
and k show linear dependence 
on |η| acceptance window 
within our analysis region 
compared peripheral collisions


✓ No non-monotonic variation as 
a function of acceptance is 
observed.

Experimental acceptance

‣ With the current acceptance we 
can only explore a small portion 
of acceptance.


‣ BES-II may give better insight 
in η-acceptance dependence.

9

0 0.5|η|= |η|=|Ybeam|

STAR Preliminary
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Beam-energy dependence of cumulant ratio
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✓ Volume-independent normalized correlations 
between net proton and net kaon are positive at low 
energies and negative at high energies.

STAR Preliminary
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Beam-energy dependence of cumulant ratio
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✓ Volume-independent normalized correlations 
between net proton and net kaon are positive at low 
energies and negative at high energies.


✓ An excess correlation between net charge and net 
kaon, and same in net charge and net proton is 
observed with respect to peripheral collisions. 
These excess correlation increase with beam 
energy. 

‣ What is the source of the excess correlation? 

STAR Preliminary
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Beam-energy dependence of cumulant ratio
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✓ Volume-independent normalized correlations 
between net proton and net kaon are positive at low 
energies and negative at high energies.


✓ An excess correlation between net charge and net 
kaon, and same in net charge and net proton is 
observed with respect to peripheral collisions. 
These excess correlation increase with beam 
energy. 

‣ What is the source of the excess correlation? 


✓ This correlation cannot be explained from the 
thermal (HRG) and non-thermal (UrQMD) hadronic 
model calculations.  

STAR Preliminary
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Summary
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✓ First measurement of all 2nd-order cumulant (σ(X,Y=p,Q,k)) matrix elements as a function of collision 
centrality for Au+Au collisions at √sNN= 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 and 200 GeV are presented. 
Detailed results are shown for the kinematic range of |η| < 0.5 and 0.4 < pT < 1.6 GeV/c as well as 
different |η| windows.


✓ An excess correlations between net-charge and net kaon, and net charge, and net proton are 
observed for central collisions with respect to the peripheral ones. The correlations increase with the 
increase of beam energy. This increase is much larger compared to the Poisson baseline and has not 
been observed for the UrQMD event generator.


✓ Net proton and net kaon shows anti-correlations for central collisions and for √sNN > 27 GeV.  


✓ Both diagonal and off-diagonal cumulants of net charge, net kaon and net proton show linear 
dependence with the Δη acceptance window. 


✓ These cumulant matrix elements provide important step to map QCD phase diagram.

Thank you
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Backup
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Backup
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Data set PID
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Efficiency estimation
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TPC efficiency

"TOF =
track quality cut && |n�particle| < 2 && TOF matched > 0

track quality cut && |n�particle| < 2"TPC =

Reconstructed tracks having associated MC tracks

MC tracks (⇡±,K±, p, p̄)

TOF matching efficiency

Ef
fi

ci
en

cy

Pr
ot

on
Ka

on
Pi

on

bin-I
TPC-MC efficiency 

bin-II
TPC+TOF efficiency 

TCP efficiency TOF match efficiency TPC*TOF efficiency

0.5

1

70-80 

0.5

1

70-80 

0.5 1 1.5

0.5

1

70-80 

60-70 %

60-70 %

0.5 1 1.5

60-70 %

50-60 %

50-60 %

0.5 1 1.5

50-60 %

40-50 %

40-50 %

0.5 1 1.5

40-50 %

30-40 %

30-40 %

0.5 1 1.5

30-40 %

20-30 %

20-30 %

0.5 1 1.5

20-30 %

10-20 %

10-20 %

0.5 1 1.5

10-20 %

0-10 %

0-10 %

0.5 1 1.5

0-10 %

0-5 %

0-5 %

0.5 1 1.5

0-5 %

Quantity
Efficiency bins

TPC efficiency (TPC*TOF) efficiency

p, pbar 0.4 < pT < 0.8 (GeV/c) 0.8 < pT < 1.6 (GeV/c)

k+,k- ———— 0.4 < pT < 1.6 (GeV/c)

Q+,Q- 0.4 < pT < 1.6 (GeV/c) ————

39 GeV

h"bin�Ii =
R b
a "TPC(pT )f(pT )pT dpT

R b
a f(pT )pT dpT

h"bin�IIi =
R b

a
"TPC(pT )"TOF (pT )f(pT )pT dpT

R b

a
f(pT )pT dpT

pT-integrated efficiency :


